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ABSTRACT 
 Rice has long been one of the most important foods in the world. There 
have been many attempts to create thermally processed rice products since the 
advent of modern canning. There has been a constant challenge to create free-
flowing, separate grains in these products. Factors affecting the flowability of rice 
products include rice type, moisture content, rice pretreatments, the addition of 
oil, and retort conditions. Traditional rice products are packaged in steel cans and 
thermally processed, while flexible pouches are being increasingly used. 
Contrasting a wealth of information for canned rice, research on pouch products 
is limited both in scope and volume. A method used to quantify the grain 
separation and flowability of canned rice was applied to rice in pouches. The first 
objective if this work was to determine the hydration behavior of rice prior to 
thermal processing. The second objective was to evaluate the flowability of rice 
thermally processed in pouches as affected by rice type, moisture content, rice 
condition, retort temperature, and the addition of oil.  
 The affects of hydration time and temperature were dependent on rice 
type, with parboiled white rice taking up water the fastest. A method to determine 
flowability was useful for thermally processed rice in pouches. The most flowable 
rice was completely hydrated to a moisture content of 50%wet basis then filled into 
pouches and thermally processed at 117 oC. 
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1. INTRODUCTION 
Thermally processed rice products have been studied for several decades 
(Willison, 1926). Early products had very little rice grain integrity, but the use of 
parboiled rice produced some improvement (Roberts, Houston, & Kester, 1952). 
Problems with clumping of rice grains and a lack of rice flowability remain a 
consistent problem in thermally processed rice (Gerdes & Burns, 1982). 
Techniques to improve products have been studied. Oils and emulsions have 
been commonly used to increase grain separation and flowability in canned rice 
products (Ferrel & Kester, 1959; Sharp, Kattan, Sharp, & Collins, 1982). The 
addition of salts, enzymes, and acids has yielded products with variable quality 
and practicality (Ghosh & Sarkar, 1959; Rutledge & Islam, 1973, 1976). To keep 
up with consumer demand for new packaging, rice has also been thermally 
processed in flexible pouches (Luh & Liu, 1980).  
While canned rice has been thoroughly studied, research on rice in 
pouches is limited and has focused primarily on sensory. Different organic and 
inorganic pouch coatings were shown to have little affect on the eating quality of 
rice (Byun, Hong, Mangalassary, Bae, Cooksey, Park, et al., 2010). Some work 
has been to correlate instrumental measurements of pouched rice texture with 
sensory data (Prakash, Ravi, Sathish, Shyamala, Shwetha, & Rangarao, 2005). 
The flowability of rice thermally processed in pouches has not been studied. 
Formulation variables such as moisture content, and process variables such 
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retort temperature have not been studied for their affect on the flowability of rice 
in pouches. Before products are created, rice hydration must be understood.  
 The first objective of this work was to establish the hydration behavior of 
several rice types prior to thermal processing. The second objective was to 
evaluate flowability of rice thermally processed in pouches as affected by rice 
type, moisture content, rice condition, retort temperature, and with or without an 
added emulsion.  
2. LITERATURE REVIEW 
Introduction to Rice 
Significance of Rice as a Food 
Rice has been referred to as the most important economic activity in the 
world. One out of every five calories consumed by humans comes from rice, and 
two out of every three people in the world consume rice as a staple of their diet 
(Batres-Marquez, Jensen, & Upton, 2009). Dedicated rice cultivation is the 
largest single use of land for food production, and rice fields account for 9% of 
the Earth’s arable land (MacLean, Dawe, Hardy, & Hettel, 2002). Rice produces 
more food energy per acre than any other cereal, and given the high quality of 
rice protein, the yield of utilizable protein per acre is the highest of any cereal as 
well (Lu & Chang, 1980). First cultivated 7000 years ago, rice is now grown and 
consumed on six of the seven continents (Chang, 1976). 
Types of Rice 
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Rice is a semi aquatic grass that grows under a broad range of conditions. 
The cultivated species are designated Oryza sativa and Oryza glaberrima, the 
latter only being found in Africa (Marshall & Wadsworth, 1994). The following is a 
summary of rice types (Labensky & Hause, 2007). Rice is first grouped by 
average length of its grain. Long grain rice is the most commonly consumed rice 
in the world. These grains tend to stay fluffy and separate from each other once 
cooked. Medium grain rice cooks well, but will become quite sticky upon cooling. 
Short grain rice has higher levels of amylose, making it tender and sticky when 
cooked. There are also specialty rices that are classified by their unique 
characteristics. Arborio rice is a short grain, round rice with chalky center. 
Basmati and Jasmine rice originate in India and Thailand, respectively, and are 
distinguished by their aromatic and delicate flavors.  
Wild rice comes from an entirely separate genus, Zizania. Although similar 
in size and shape, wild rice has different properties, is not closely related to 
Oryza spp., and will not be addressed further in this work. 
Composition 
The composition of rice and the proportion of its major constituents are 
dependent on cultivar, environment, and processing variability. However 
common ranges for each major component have been established. A summary 
of this data is found in Table 1 (Juliano, 1985a). Starch comprises approximately 
75% of the rice grain, which is an important characteristic for processing. Another 
aspect to keep in mind is the compositional difference between brown and white  
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Table 1. Macronutrient composition of rice, adapted from Juliano (1985a). 
Nutrient Brown Rice White Rice 
Protein%a 7.1-8.3 6.3-7.1 
Lipid% 1.6-2.8 0.3-0.5 
Fiber% 0.6-1.0 0.2-0.5 
Ash% 1.0-1.5 0.3-0.8 
Carbohydrate% 72.9-75.9 76.7-78.4 
aCalculated from total nitrogen content using a conversion factor of 5.65. 
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rice. Lower levels of protein and fat in white rice can affect various processing 
characteristics when compared to brown rice.  
Structure of the Rice Grain 
Hull and Caryopsis 
 Rice is botanically classified as a caryopsis. A caryopsis is a grain in 
which each physiological fruit of the plant is single-seeded, and wherein the 
embryo, endosperm, and seed coat are fused together (Okarter & Liu, 2010). 
The caryopsis is wrapped in a tough hull or husk, which accounts for  
approximately 20% of rough rice mass, the remaining mass counting as part of 
the caryopsis (Juliano, 1972). The hull is credited with protecting the caryopsis, 
and thus the seed, from damaging insects and pests. The hull has also been 
shown to minimize colonization of microbes, including aflatoxin-producing 
species (Ilag & Juliano, 1982). The structure of rice is shown in Figure 1 (Juliano, 
1993). 
Pericarp, Seed Coat, and Nucellus  
 The caryopsis has three outer layers of crushed cells, collectively known 
as the caryopsis coat. The outermost layer is the paricarp, which is 10 µm thick 
and has an undulating surface (Bechtel & Pomeranz, 1977). Beneath the 
pericarp is a slightly thinner layer of cells that form the seed coat. The majority of 
pigments are found in the pericarp and seed coat (Juliano, 1972). The thinnest 
layer of the caryopsis is the nucellus, measuring 2.5 µm thick, lies beneath the 
seed coat (Bechtel & Pomeranz, 1977). 
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Figure 1. Structure of the rice grain (Juliano, 1993). 
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Aleurone, Endosperm, and Embryo 
 The aleurone layer surrounds the endosperm and the embryo. It varies in 
thickness from one to seven cells, with short-grain rice having more cell layers 
than long-grain rice (Hoshikawa, 1967). Aleurone cells that surround the 
endosperm serve as the primary storage for rice protein, which exists in protein 
bodies called aleurone grains (Tanaka, Yoshida, Asada, & Kasai, 1973). There 
are also lipid bodies present in aleurone cells. The aleurone layer surrounding  
the embryo is less nutrient dense, and serves more of a structural purpose 
(Bechtel & Pomeranz, 1977).  
 The endosperm consists of two regions, the subaleurone and the starchy 
endosperm. The subaleurone is a layer of 2 cells that encircles the rest of the 
endosperm. Subaleurone cells are rich in protein, which exists in bodies with 
varying diameters of 0.5-3.5 µm (Bechtel & Pomeranz, 1978b). The starchy 
endosperm consists of starch granules with 3-9 µm diameter. Starch granules 
are packed together with small quantities of protein between them, and are 
arranged in radial patterns of varying sizes and shapes, depending on cultivar 
(Hoshikawa, 1968; Little & Dawson, 1960; Nagato & Kono, 1963). The embryo, 
commonly called the germ, is much smaller than, and is contained within, the 
endosperm. Lipid bodies exist in various parts of the embryo, and protein is 
found to serve different functions. Some proteins are stored for energy, some act 
as an epidermis for protection, while other protein bodies provide structure 
(Bechtel & Pomeranz, 1978a). 
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Post-harvest Processing 
Drying and Husking  
Rice harvesting is based on manual labor in some rice-growing countries, 
while other parts of the world have mechanized the harvest. In either case, the 
stalks of the plant are cut and individual rice grains are threshed free. To 
minimize broken grains during handling, rice is typically harvested at moisture 
content wet basis (MCwb) of 20 to 27% (Luh & Wang, 1991). However, storage of 
high moisture rice can result in ruptured grains, discoloration, altered texture, and 
microbial growth. Freshly harvested rice is immediately dried in batch or 
continuous dryers to 14% MCwb or less (Kunze & Choudhur.Ms, 1972). These 
grains, called dried paddy or dried rough rice, are then processed to yield a 
variety of primary and secondary products. Figure 2 shows a typical process flow 
diagram at a post-harvest rice processing facility (USARF, 2010). 
Shelling  
There is a cellulosic hull that surrounds each grain of dried rough rice, 
which is not consumed by humans. The hulls resemble cornhusks (Figure 3), and 
must be removed by a process known as shelling or husking. This produces 
whole grain rice with an intact bran layer, commonly called husked rice or brown 
rice (Houston & Kohler, 1970). Brown rice may then be sold or further processed. 
Milling  
The bran layer in brown rice may be removed to produce white rice, also 
called polished or milled rice (Figure 4). Due to the undulating surface of the
 9 
 
Figure 2. Process flow of post-harvest rice processing (USARF, 2010)
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A.
B. 
Figure 3. A. Rough rice, B. rice hulls. 
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A. 
B. 
Figure 4. Long grain rice. A. Brown, B. White. 
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caryopsis coat, part of the endosperm is also milled away to ensure a uniform 
rice color. This portion is known as the white bran or polish, whose removal is not 
permitted in some rice-producing countries (Palacpac, 1982). There are two 
common approaches to producing white rice. The Abrasive Method uses direct 
contact between the grain and an abrasive surface to scrape away the bran, 
typically using a pair of concentric cones (Wadsworth, 1991). The inner cone has 
an abrasive surface, and the distance between the inner and outer cones 
controls the degree of milling. The outer cone is mesh and serves as a sieve, 
separating the white rice from the milled bran. A more modern method uses 
friction between grains to rub off the bran. Grains are moved using a screw 
conveyor with just enough pressure to cause high friction between grains 
(Meinardus, 1985). Milled grains are later sifted from the bran. 
Milling Fractions 
 Exact values for the proportions of rough rice that are removed during 
each processing step vary greatly depending on cultivar, country, and individual 
producers. Approximate milling fractions based on percent of rough rice mass 
are: 20% hull, 6-11% bran, and 2-4% polish (Juliano, 1972). Hulls and bran are 
shown Figures 3 and 5, respectively. Milling rates, defined as mass of white rice 
produced per mass of rough rice, vary from 0.6 to 0.75 (Palacpac, 1982). 
Parboiling  
  Parboiling is the process of gelatinizing starch within the grain to improve 
rice quality. Major benefits of parboiling include: increased yield, improved
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A. 
B. 
Figure 5. A. Milled rice bran. B. Instantized rice. 
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nutrition, salvaging damaged rice, and improving cooking qualities for the 
customer (N. Ali & Ojha, 1976).  
 There are three common steps in parboiling: soaking, steaming or high 
temperature soaking, and drying (Bhattacharya, 1985). Specific parameters for 
each step are closely guarded trade secrets, and can vary depending on rice 
cultivar, storage conditions, and customer specifications (Ramesh, Bhattacharya, 
& Mitchell, 2000). In general, rough rice is soaked between 60 and 65 oC for up  
to 3 hours, followed by steaming at pressures of 4-6 kg/cm2 for up to 20 minutes    
(Manful, Abbey, & Coker, 2009). Rice is then dried and sent to shelling and 
milling operations. 
The benefits of parboiling rice have been thoroughly studied. Overall yield 
of the rice harvest is reportedly increased by parboiling, due to the lower 
incidence of broken grains (Filho, 1986). As water diffuses through the rice grain 
during parboiling, water-soluble vitamins and mineral salts are carried from the 
bran into the rice endosperm (Kennedy & Schelstraete, 1975). This improves 
nutritional properties of white rice that is milled to remove the bran. After storage, 
parboiled rice exhibited lower levels of free fatty acids than non-parboiled rice 
(Singaravadivel, Anthoni Raj, & Lyengar, 1987). Similar findings are reportedly 
due to inactivation of the spoilage enzyme lipase (Shaheen, Eldash, & 
Elshirbeeny, 1975). Stability during storage was found to increase in parboiled 
rice (Ohta, Tsugita, & Kato, 1985). Parboiling rice was found to change the 
susceptibility of proteins to extraction by solvents (Dimopoul.Js & Muller, 1972). 
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The breakdown of rice during cooking was reduced in parboiled rice (Rao & 
Juliano, 1970). Loss of starch during cooking was found to be lower in parboiled 
rice, due to changes in the solubility of amylose (N. Ali & Ojha, 1976). 
Instantizing 
 Various thermal and hydrothermal treatments can be applied to create rice 
with a reduced cooking time for the customer. Instant rice can be fully hydrated in 
as little as a few seconds, and quick-cooking or converted rice can be cooked in 
five to ten minutes (Luh, 1991). The following processes for producing these 
products have been examined by several researchers (Luh & Liu, 1980; Roberts, 
Carlson, & Farkas, 1980). White rice is exposed to blasts of hot air at 65-72 oC 
for 10-30 minutes, or 272 oC for 18 seconds. This rice expands and forms 
fissures (Figure 5), and the cooking time is reduced. Another method is to 
thoroughly gelatinize by steaming or pressure-cooking. Grains are then slowly 
dried to form a dense grain, which is quickly puffed at high temperatures to form 
large, porous grains. Rice can be gelatinized in a similar manner, but then 
flattened by rollers to form dense, glassy grains that will hydrate faster than rice 
that is only milled. Some methods will soak and steam rice, freeze and thaw the 
grains, then dry them. Still other methods use soaked rice that is then freeze-
dried to quickly remove water and produce dry rice that can be quickly cooked. 
Factors Affecting Rice Hydration 
Rice Type and Milling 
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 The effect of grain length on hydration has not been thoroughly 
understood, likely due to the overwhelming preference of long grain rice over all 
others. One study did report that medium grain rice absorbs moisture at a 
significantly slower rate than long grain rice (Kunze & Choudhur.Ms, 1972). This 
could be correlated to the relatively thicker aleurone of medium and short grain 
rices (Hoshikawa, 1967). The role of milling has also been studied (Kunze & 
Wratten, 1985). During room at temperature soaking, white rice reportedly 
reaches the point of saturation ten times faster than brown rice (Muramatsu, 
Tagawa, Sakaguchi, & Kasai, 2006). Brown rice is reported to require at least 
twice the cooking time of white rice (Champagne, Marshall, & Goynes, 1990). 
However brown rice that was milled to remove 1% of its mass was shown to 
have the same cooking rate as white rice that was milled to remove 9% of its 
mass (Champagne, Marshall, & Goynes, 1990; Desikachar, Raghavendra, & 
Nanthachar, 1965). 
Role of Protein 
 Most studies on rice hydration focus on starch. But as the second most 
abundant component of rice, protein has also been shown to play a major role 
(Lihong, Neng, Binwu, Zhiwei, & Xiyuan, 2008). Although protein content does 
not vary greatly among cultivars, rice with a higher protein content was found to 
have a firmer texture (Lyon, Champagne, Vinyard, Windham, Barton, Webb, et 
al., 1999). The viscosity of rice paste increased with the disruption of protein 
bodies by adding proteases or reducing agents (Martin & Fitzgerald, 2002). The 
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addition of reducing agents to rice cooking water increases the stickiness and 
reduces the firmness of cooked rice grains (Derycke, Veraverbeke, Vandeputte, 
De Man, Hoseney, & Delcour, 2005). It has been suggested that both the 
existence of a protein barrier and the hydration of protein itself have an effect on 
quality (Derycke, Veraverbeke, Vandeputte, De Man, Hoseney, & Delcour, 2005; 
Hamaker & Griffin, 1990).  
Gelatinization During Hydration                                                                       
The primary component of rice is starch, and its hydration begins with 
diffusion of water into the grain and is completed by gelatinization (Bello, Tolaba, 
& Suarez, 2007). Gelatinization requires heat, and at least (Bhattacharya, Subba 
Rao, & Swamy, 1966)% MCwb in the rice grain (Bhattacharya, Subba Rao, & 
Swamy, 1966). During gelatinization starch granules swell irreversibly, disrupting 
the protein bodies within grain, and form a cohesive network of starch (Tester & 
Morrison, 1990). Gelatinization of rice grains occurs in three temperature ranges:                         
55-69.5 oC (low range), 70-74 oC (intermediate range), and 74-79 oC (high range) 
(Hizukuri, Kaneko, & Takeda, 1983) (Juliano, 1982). The majority of rice cultivars 
gelatinize in the low range (Juliano, 1985b). Similarly, gelatinization temperatures 
of 58-79 oC are reported, with most samples gelatinizing at 60-70 oC (Luh & 
Mickus, 1991). 
Trends in Hydration 
As a general rule, the differences between the hydration behavior of 
various rice types are more obvious when hydration occurs at higher 
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temperatures (Metcalf & Lund, 1985; Suzuki, Aki, Kubota, & Hosaka, 1977). 
Differences between the hydration behaviors of parboiled and non-parboiled or 
raw rice have been reported (S. Z. Ali & Bhattacharya, 1972; Unnikrishnan & 
Bhattacharya, 1983). The ratio of water uptake at 60 oC to that at 96 oC was 5% 
for raw rice and 50% or greater for parboiled rice. Equilibrated moisture content 
after soaking at room temperature was 28% for raw rice and 50% for parboiled 
rice.  
 Thermal Processing 
Affects of Rice Type 
 There is increasing demand for thermally processed soups, side dishes, 
and meals containing rice (Patindol, Gonzalez, Wang, & McClung, 2007). The 
first step in thermally processing rice is selecting an appropriate grain length 
because of its direct correlations to hydration and gelatinization properties (Halick 
& Kelly, 1959; Webb & Stermer, 1972). Long grain rice tends to have a 
gelatinization temperature that is 5-7 oC higher than medium and short grain rice 
(Webb, 1975). This higher gelatinization temperature has been associated with 
greater resistance to grain swelling and increased ability to maintain the granular 
structure during hydrothermal processes (Metcalf & Lund, 1985). The surface of 
cooked rice grains was found to be less sticky than medium and short grain rice 
(Batcher, Deary, & Dawson, 1957). The leaching of solids from rice grains is 
reportedly lower in long grain rice, which might support the notion of better 
structural integrity (Lindqvist, 1979).  
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 The direct use of raw rice in thermally processed products is usually 
associated with poor quality, such as unacceptable texture and very little 
structural integrity (Burns & Gerdes, 1985). Acceptable products have always 
used parboiled rice (Patindol, Gonzalez, Wang, & McClung, 2007). Improved 
grain separation, less splitting and fraying of grains, and more acceptable texture 
have all been credited to the use of parboiled rice instead of raw rice (Alary, 
Laignelet, & Feillet, 1977).  
Retorted Rice Products  
One of the earliest attempts in manufacturing canned rice includes steps 
of cooking and draining of raw rice, followed by a retort process (Willison, 1926). 
Several other attempts were made later and none were successful until the 
advent of commercial parboiling in the 1940’s (Burns & Gerdes, 1985). Using 
parboiled rice, the Willison process was essentially repeated and yielded better 
results (Roberts, Houston, & Kester, 1952). Various chemical modifications using 
salts, enzymes, and acids were also attempted, with varying improvement and 
practicality (Ghosh & Sarkar, 1959; Rutledge & Islam, 1973, 1976). Another 
method produced acceptable products by using parboiled rice that was also 
instantized (Gerdes & Burns, 1982). One commonly used technique to reduce 
clumping or rice grain cohesion is the addition of oil (Prakash, Ravi, Sathish, 
Shyamala, Shwetha, & Rangarao, 2005). Surfactants and emulsifiers have also 
improved grain separation in canned rice products (Ferrel & Kester, 1959). 
Rice Condition  
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There is little agreement on the reported moisture content of retort rice 
products. Reported wet basis moisture content (MCwb) values range from 45% 
(Azanza, 2003) to almost 70% (Tollefson & Bice, 1972). The desired moisture 
content can be attained by adding dry rice and a calculated amount of water to 
retort packages, followed by thermal processing (Alary, Laignelet, & Feillet, 
1977). Alternatively, rice can be fully hydrated prior to thermal processing (Sharp, 
Sharp, & Kattan, 1981). One study directly compared these two methods, and 
the hydrated rice method was favorable (Gerdes & Burns, 1982). A third method 
proposed herein is to partially hydrate rice to half of the desired moisture content 
and add a calculated amount of water before sealing pouches. Sealing is 
typically accomplished by applying heat and pressure for 1 second or less with a 
series of hot bars, although electrical induction may also be used. After filling and 
sealing, pouches are thermally processed. 
Use of Pouches 
 Since the United States military began packaging Meals-Ready-to-
Eat (MRE), flexible retort pouches have experienced increases in popularity 
around the world (Luh & Liu, 1980). Rice is processed in retort pouches and the 
consumer heats the pouch for a few minutes to complete starch gelatinization 
and increase palatability (Matsunaga & Kainuma, 1983). These products often 
reach levels of gelatinization equal to that of traditionally prepared rice 
(Matsunaga & Kainuma, 1981). The cooked rice method was recently applied to 
flexible pouches, and produced acceptable products (Byun, et al., 2010).  
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Retorts can apply heat, pressure, steam, and water in different ways. The 
most common method used for flexible pouches is known as water cascade, or 
static spray. A closed loop of super-heated water is continuously sprayed over 
the products in a vessel with enough pressure to maintain super-heated liquid 
water (Campbell & Ramaswamy, 1992). However, due to expansive forces of 
water vapor inside pouches, additional over-pressure is applied to prevent 
rupture of pouches.  
Assessment of Flowability 
 A method was developed to measure the degree of rice grain separation 
in canned products, which produces a numeric value known as the Separation 
Index (Ferrel, Kester, & Pence, 1960). This index provides a quantitative 
characteristic that can be used to compare the flowability of thermally processed 
products. The separation index has never been applied to products in pouches. 
3. MATERIALS AND METHODS 
Rice Hydration 
To minimize variability due to rice variety and growing conditions, all rice 
samples were the dixiebelle cultivar, and were grown and harvested together 
from the same region by Riceland Foods Inc. (Stuttgart, AR). Rice was hydrated 
in excess water using a rotary blancher with a 36-inch diameter drum at a 
temperature and duration indicated in Table 2 (Lyco Manufacturing, Columbus, 
WI). Additional hydration experiments were conducted to target specific moisture 
levels as indicated in Table 3. Upon discharging from the blancher, rice samples 
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Table 2. Moisture content of hydrated rice as affected by blanch time, blanch temperature, and rice type. 
Moisture % (wet basis)a After Different Blanch Durations 
Rice Type Blanch Temperature Unblanched 3 min 12 min 
75 oC 29.772 + 3.607 29.457 + 4.414 
85 oC 38.934 + 5.822 34.836 + 5.156 Native Brown 
95 oC 
11.565 + 0.688 
36.690 + 3.314 46.474 + 5.390 
75 oC 28.155 + 3.551 30.716 + 3.834 
85 oC 36.546 + 4.791 50.167 + 3.718 Native White 
95 oC 
12.788 + 0.750 
45.893 + 6.020 60.110 + 5.117 
75 oC 30.002 + 4.156 40.179 + 3.989 
85 oC 32.213 + 3.950 42.341 + 6.490 Parboiled Brown 
95 oC 
10.830 + 0.509 
33.433 + 4.518 44.534 + 3.020 
75 oC 38.937 + 5.273 50.351 + 4.419 
85 oC 42.095 + 3.619 54.791 + 4.242 Parboiled White 
95 oC 
11.780 + 0.889 
44.560 + 4.872 58.700 + 6.328 
aMean + error at 95% confidence interval from triplicates. 
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Table 2. (continued) Moisture content of hydrated rice as affected by blanch time, blanch temperature, and rice 
type. 
Moisture % (wet basis)a After Different Blanch Durations 
Rice Type Blanch Temperature 
21 min 30 min 
75 oC 30.839 + 4.299 32.890 + 3.556 
85 oC 41.820 + 3.808 49.161 + 4.108 Native Brown 
95 oC 56.057 + 2.910 65.460 + 5.008 
75 oC 33.490 + 3.308 36.418 + 3.285 
85 oC 58.194 + 4.627 67.973 + 2.897 Native White 
95 oC 76.913 + 5.539 78.812 + 4.601 
75 oC 40.410 + 5.040 52.354 + 4.463 
85 oC 50.381 + 3.724 57.777 + 5.19 Parboiled Brown 
95 oC 52.770 + 4.189 60.755 + 4.235 
75 oC 58.676 + 3.611 65.255 + 3.363 
85 oC 61.617 + 3.569 68.943 + 3.589 Parboiled White 
95 oC 66.671 + 4.305 72.265 + 4.112 
aMean + error at 95% confidence interval from triplicates. 
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Table 3. Verification of target moisture content of rice achieved after blanching. 
Rice Blanch Temperaturea 
Blanch 
Timeb Target Actual 
Type oC (minutes) Moisture % (wet basis) Moisture % (wet basis)
c 
70 3 25 24.648 + 3.481 
75 4 30 30.087 + 2.804 
85 12 35 36.421 + 3.553 
90 21 50 49.989 + 3.112 
95 25 60 61.040 + 3.867 
Regular Brown 
98 30 70 68.061* + 3.425 
70 3 25 25.561 + 4.188 
75 11 30 29.914 + 3.780 
85 10 35 36.312 + 3.012 
85 12 50 49.67 + 4.312 
95 12 60 60.185 + 3.765 
Regular White 
95 17 70 71.006 + 3.318 
aThe maximum temperature the blancher could reach was 98 oC. 
bThe minimum and maximum residence times the blancher could achieve were 3 and 30 minutes, respectively. 
c Mean + error at 95% confidence interval from triplicates. 
*The target moisture content could not be attained due to equipment limitations. 
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Table 3. (continued) Verification of target moisture content of rice achieved after blanching. 
Rice Blanch Temperaturea 
Blanch 
Timeb Target Actual 
Type oC (minutes) Moisture % (wet basis) Moisture % (wet basis)
c 
65 3 25 25.121 + 4.116 
75 3 30 30.345 + 3.385 
95 4 35 34.76 + 5.012 
85 21 50 50.239 + 3.135 
95 30 60 59.861 + 3.825 
Parboiled 
Brown 
98 30 70 67.189* + 2.765 
60 3 25 25.478 + 3.358 
65 3 30 31.426 + 3.765 
70 3 35 34.813 + 4.274 
75 12 50 50.404 + 3.283 
85 19 60 60.912 + 4.102 
Parboiled White 
95 27 70 71.623 + 3.556 
aThe maximum temperature the blancher could reach was 98 oC. 
bThe minimum and maximum residence times the blancher could achieve were 3 and 30 minutes, respectively. 
c Mean + error at 95% confidence interval from triplicates. 
*The target moisture content could not be attained due to equipment limitation.
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were lightly blotted with filter paper and dried in a 2000 watt analytical oven 
(Jouan Inc., Winchester, VA) at 105 oC for 24 hours (Roy, Ijiri, Okadome, Nei, 
Orikasa, Nakamura, et al., 2008). All measurements were taken in triplicate, and 
the averages were reported. 
Experimental Design and Analysis for Hydration 
 Four rice types were chosen: parboiled white and parboiled brown rice, 
and non-parboiled (regular) white and regular brown rice. Blanch temperatures 
were 75, 85, and 95 oC. Blanch times of 3, 12, 21, and 30 minutes were chosen 
based on the minimum and maximum speed of the blanching drum. Rice type, 
blanch time, and blanch temperature were investigated using 4 x 4 x 3 full-
factorial design of experiments. Moisture content was analyzed JMP Statistical 
Discovery Software (SAS Institute Inc., Cary, NC). 
Preparation of Thermally Processed Rice Pouches 
 Conditions of preparing rice products were listed in the experimental 
design section below. Rice of the dixiebelle cultivar was purchased from Riceland 
Foods Inc. (Stuttgart, AR). A rotary blancher with a 36-inch diameter drum was 
used to hydrate rice in excess water to the target moisture content as found in 
Table 2 (Lyco Manufacturing, Columbus, WI). Retort pouches, 180mm high and 
140mm wide with a 60mm gusset, were purchased from Amcor Limited  
(Melbourne, Australia). Pouches were thermally processed using a 5202 
Multimode R&D Retort (Allpax Products, Covington, LA). For treatments with 
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canola oil to improve flowability of thermally processed rice, oil was added prior 
to thermal processing. 
 Further, to aid in the distribution of oil, sunflower lecithin was added at 
2.5% of oil mass, per suggestions of the manufacturer (Archer Daniel Midland, 
Decatur, IL) and thoroughly mixed. This mixture was either filled directly into 
pouches, or dispersed into water and filled. 
Sieve Test to Evaluate Flowability of Thermally Processed Rice 
 After 7 days of storage at 20 oC, finished rice products were tested 
following literature method (Deshpande & Bhattacharya, 1982), with slight 
modification. Sieves and platform orbital shaker were from VWR International 
(model MaxQ 3000, Radnor, PA). Stackable sieves (VWR International, Radnor, 
PA) were used with the following mesh sizes: 1/2”, 3/8”, 1/4", 1/8”, and a solid 
pan. These were placed in descending order from top to bottom onto a platform 
orbital shaker (model MaxQ 3000, VWR International, Radnor, PA). A product at 
ambient temperature was emptied onto the stack of sieves and shaken at 180 
rpm for 2 minutes. The mass of product left on each sieve was recorded. 
Separation index is defined as the mass fraction of product that passed through a 
given sieve (Ferrel & Kester, 1959). Pouches were also tested after heating for 
90 seconds in a 1000 watt microwave oven (model PEB1590SMSS, General 
Electric, Fairfield, CT) set on high, based on heating instructions for several retail 
pouched rice products. 
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Experimental Design and Analysis for Thermal Processing 
Four rice types were chosen: parboiled white and parboiled brown rice, 
and non-parboiled (regular) white and regular brown rice. Rice was filled into 
pouches in three conditions: dry, partially hydrated, and hydrated. Finished 
products had moisture contents of 50, 60, and 70% MCwb. Half of the products 
contained 2% oil by mass. Pouches were thermally processed by water cascade 
at 117 and 128 oC until a lethality (Fo) value of 6.0 was reached. Rice type, rice 
condition, moisture content, oil level, and retort temperature were investigated 
using a 4 x 3 x 3 x 2 x 2 full factorial design of experiments. An analysis of  
variance was conducted using JMP Statistical Discovery Software (SAS Institute 
Inc., Cary, NC). 
4. RESULTS AND DISCUSSION 
Hydration 
Table 2 reports MCwb of hydrated rice as affected by blanch temperature, 
blanch time, and rice type. To better illustrate the hydration behavior of each rice, 
data were used to prepare surface plots in Figures 6-9.  
The results in Figure 6 show that hydration of regular brown rice was 
affected by both blanch time and temperature. At 75 oC, it reached a maximum of 
33% MCwb. This suggests that the diffusion process was near its maximum, but 
significant gelatinization did not occur (Bhattacharya, Subba Rao, & Swamy, 
1966). At higher blanch temperatures it appears that significant gelatinization 
does occur
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Figure 6. Moisture content of regular brown rice after hydration at different 
blanch time (residence time) and blanch temperature. 
                                                                                                                           
 
                               
 
 
 
     
 
 30 
 
Figure 7. Moisture content of regular white rice after hydration at different blanch 
time (residence time) and blanch temperature. 
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Figure 8. Moisture content of parboiled brown rice after hydration at different 
blanch time (residence time) and blanch temperature. 
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Figure 9. Moisture content of parboiled white rice after hydration at different 
blanch time (residence time) and blanch temperature. 
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Hydration of regular white rice shows consistent trends in regards to time and 
temperature (Figure 7). At 75 oC, water uptake increased steadily with time. At 
higher temperatures, the rate of hydration greatly increased. Regular white rice 
reached 78.8% MCwb after blanching at 95 oC for 30 minutes, the highest value in 
this study.  
The parboiling of brown rice altered its hydration behavior (Figure 8). At 75 
and 85 oC, parboiled brown rice reached higher moisture levels at all time points. 
However, the peak MCwb of the parboiled sample was 60.8% (Figure 8), whereas 
the regular sample reached 65.5% MCwb (Figure 6). This is likely due to the  
protein barrier that is often strengthened by parboiling (Derycke, Veraverbeke, 
Vandeputte, De Man, Hoseney, & Delcour, 2005). 
Hydration of parboiled white rice was faster than the other three rice types 
(Figure 9). This is likely due to the lack of a bran layer and presence of pre-
gelatinized starch due to milling and parboiling, respectively. Water uptake by 
parboiled white rice after 3 minutes of blanching was the highest at all 
temperatures. But, in a manner similar to that of brown rice, parboiled white rice 
had a lower peak MCwb than regular white rice.  
Thermal Processing 
 With results from the sieve test, separation index values could be 
calculated based any of the 5 sieves. In this work, the most illustrative values are 
based on the 1/2” sieve. However almost every product at 70% MCwb formed a  
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“brick” (Figure 10), that is to say, the rice amassed into a single body. These 
products were not suitable for sieve tests. The effect of added oil on flowability 
was tested for parboiled brown rice, listed in Table 4. This table contains 
separation index values for parboiled brown rice at 60% MCwb and directly 
compares these values for products with and without added oil. These data 
points are typical for other rice types and moisture contents as well. Because of 
significant improvement in flowability for samples with oil, only treatments with oil 
were reported and discussed further (Tables 5-8). 
Regular brown rice (Table 5) had its highest separation index values at 
50% MCwb, and when fully hydrated prior to retorting. Rice was less cohesive at 
50% MCwb, though this was not significant with dry rice. While the most flowable 
product was observed with rice fully hydrated to 50% MCwb, rice fully hydrated to 
60% MCwb produced the least flowable product. This suggests that flowability of 
regular brown rice is more affected by moisture content than the condition of rice 
prior to filling pouches. A higher retort temperature produced less flowable 
products, but this was not always significant. 
Regular white rice exhibited similar trends to regular brown rice (Table 6), 
but was less flowable when compared to regular brown rice for most treatments. 
Parboiled brown rice was more flowable than either regular rice types, except in 
the case of partially hydrated samples where a clear trend is not present. 
Table 8 shows that parboiling also improved the flowability of white rice, 
but parboiled brown rice was still scored higher index values. Parboiled white rice  
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Figure 10. Example of a “brick:” Thermally processed white rice with 70% MCwb. 
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Table 4. Separation index values for thermally processed parboiled brown rice at 60% MCwb, with and without 2% 
oil supplemented. 
Separation Indexa 
Rice Type Rice Condition 
Retort 
Temperature 
Without Oilb With Oilb 
117 oC 0.520 + 0.038 0.849 + 0.045 
Dry 
128 oC 0.490 + 0.048 0.852 + 0.053 
117 oC 0.445 + 0.033 0.611 + 0.031 
Partially 
Hydrated 
128 oC 0.402 + 0.061 0.789 + 0.038 
117 oC 0.407 + 0.039 0.854 + 0.028 
Parboiled 
Brown 
Hydrated 
128 oC 0.523 + 0.037 0.633 + 0.034 
aBased on the 1/2” sieve. 
b Mean + error at 95% confidence interval from triplicates. 
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Table 5. Separation index values for thermally processed regular brown rice supplemented with 2% oil. 
Separation Indexa 
Rice Type Rice Condition 
Moisture % 
(wet basis) 
117 oC Retortb 128 oC Retortb 
50% 0.703 + 0.053 0.711 + 0.044 
Dry 
60% 0.744 + 0.023 0.622 + 0.051 
50% 0.597 + 0.036 0.679 + 0.033 
Partially 
Hydrated 
60% 0.698 + 0.039 0.530 + 0.064 
50% 0.912 + 0.041 0.804 + 0.036 
Regular 
Brown 
Hydrated 
60% 0.717 + 0.032 0.543 + 0.040 
aBased on the 1/2” sieve. 
b Mean + error at 95% confidence interval from triplicates. 
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Table 6. Separation index values for thermally processed regular white rice supplemented with 2% oil. 
Separation Indexa 
Rice Type Rice Condition 
Moisture % 
(wet basis) 
117 oC Retortb 128 oC Retortb 
50% 0.646 + 0.031 0.428 + 0.042 
Dry 
60% 0.539 + 0.048 0.509 + 0.370 
50% 0.490 + 0.022 0.643 + 0.044 
Partially 
Hydrated 
60% 0.653 + 0.036 0.667 + 0.046 
50% 0.803 + 0.037 0.609 + 0.031 
Regular White 
Hydrated 
60% 0.391 + 0.042 0.381 + 0.050 
aBased on the 1/2” sieve. 
b Mean + error at 95% confidence interval from triplicates. 
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Table 7. Separation index values for thermally processed parboiled brown rice supplemented with 2% oil. 
Separation Indexa 
Rice Type Rice Condition 
Moisture % 
(wet basis) 
117 oC Retortb 128 oC Retortb 
50% 0.870 + 0.044 0.871 + 0.038 
Dry 
60% 0.849 + 0.023 0.852 + 0.046 
50% 0.564 + 0.035 0.898 + 0.032 
Partially 
Hydrated 
60% 0.611 + 0.047 0.789 + 0.055 
50% 0.988 + 0.030 0.811 + 0.034 
Parboiled 
Brown 
Hydrated 
60% 0.854 + 0.038 0.633 + 0.037 
aBased on the 1/2” sieve. 
b Mean + error at 95% confidence interval from triplicates. 
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Table 8. Separation index values for thermally processed parboiled white rice supplemented with 2% oil. 
Separation Indexa 
Rice Type Rice Condition 
Moisture % 
(wet basis) 
117 oC Retortb 128 oC Retortb 
50% 0.861 + 0.030 0.833 + 0.033 
Dry 
60% 0.747 + 0.029 0.797 + 0.041 
50% 0.864 + 0.033 0.904 + 0.028 
Partially 
Hydrated 
60% 0.771 + 0.047 0.781 + 0.037 
50% 0.985 + 0.042 0.935 + 0.034 
Parboiled 
White 
Hydrated 
60% 0.868 + 0.036 0.723 + 0.047 
aBased on the 1/2” sieve. 
b Mean + error at 95% confidence interval from triplicates.
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produced least cohesive product with fully hydrated rice at 50% MCwb. The most 
flowable of parboiled brown rice products was produced using fully hydrated rice 
at 50% MCwb  
Table 9 summarizes results based on the mean separation index score for 
each rice type, by retort temperature. Both regular rice types were overall less 
flowable after thermal processing at a higher retort temperature. While parboiled 
rice types did not follow a trend between retort temperatures, they did show 
fewer differences between thermal process conditions. The Mean separation 
index scores for each parboiled rice was higher than their regular rice 
counterpart, with parboiled brown rice being the most flowable thermally 
processed rice. 
5. CONCLUSIONS 
Brown rice hydrated much slower than white rice, which is expected 
because of the presence of a bran layer in brown rice. Differences in water 
uptake due to hydration temperature are less substantial in parboiled samples. 
The peak moisture content for parboiled samples was slightly less than that of 
regular rice. The sieve test method was suitable to quantify the flowability of 
thermally processed rice products that had not formed bricks. The formation of 
bricks was most common among products with 70%wb. Products with a lower 
moisture content showed higher flowability. The addition of emulsified oil 
improved grain flowability after retorting in pouches. Regular rice was more 
flowable when processed at a lower retort temperature, whereas parboiled rice
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Table 9. Separation index values for thermally processed rice, rice condition and moisture content are averaged for 
each rice type.  
Mean Separation Indexa,b 
Rice Type 
117 oC Retort 128 oC Retort 
Regular Brown 0.729 + 0.202 0.648 + 0.205 
Regular White 0.587 + 0.283 0.540 + 0.232 
Parboiled Brown 0.789 + 0.324 0.809 + 0.186 
Parboiled White 0.849 + 0.165 0.829 + 0.156 
 
aBased on the 1/2” sieve. 
b Mean + error at 95% confidence interval from triplicates. 
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faired better at higher a higher retort temperature. Products with brown rice were 
more flowable than those of white rice, and parboiling reduced the cohesion of 
both brown and white rice. The best flowability of products was observed with 
parboiled brown rice. 
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